Abstract-The lower Chesapeake Bay (LCB) experiences coastal flooding due to both tropical and extratropical systems. Water levels produced from these events is often called storm surge; however, storm tide (a combination of the predicted tide, storm surge, and local anomaly), is a more appropriate term. Storm tide levels vary spatially in the LCB. Here we assess this spatial variability relative to local datums, such as highest astronomical tide (HAT) and mean lower low water (MLLW). We determined whether there was any difference in hours above HAT between each of our stations for each storm. We revealed a trend that central bay stations, such as Windmill Point and Lewisetta, spend more time above HAT than the stations in the south bay and Washington. The maximum water level above MLLW and HAT was determined for each station and storm and then analyzed for spatial trends. We found that, in general, central bay stations have smaller maximum heights above HAT than the south bay stations. Washington does not follow the pattern of other large tidal-range stations, such as the south bay stations.
I. INTRODUCTION
The lower Chesapeake Bay (LCB) experiences coastal flooding due to both tropical (hurricanes) and extratropical (nor'easters) systems. In the mid-latitudes of the North Atlantic Ocean, hurricanes are most common from June through September while nor'easters generally occur from October to May [1] . Hurricanes originate as easterly waves that travel westward over the tropical ocean [2] . Hurricanes are more intense than nor'easters, but the intensity is concentrated around the eye of the storm [2] [3] . Nor'easters usually originate as low-pressure frontal waves between two air masses over the North American Continent, and generally move in the Northeast direction [2] . While less intense than hurricanes, nor'easters often cover a larger spatial area and longer time frame [4] .
Many LCB cities and towns are located in low-lying areas that are prone to inundation during storms. This flooding is often referred to as storm surge; however, a more appropriate term is storm tide. Storm tide is defined as the sum of storm surge, astronomical tide and the local sea level anomaly [3] .
For any given month in the Chesapeake Bay, the astronomical tide may account for less than 70 percent of the total water level variance [3] . The concept of storm tide allows us to account for water level variations unrelated to the storm itself. The storm surge component is the change in water level that would occur in the absence of astronomical tide during a storm in a given coastal area [2] .
In particular, wind stress and inverse barometric effect together may cause a storm surge [5] [6] . Inverse barometer occurs when the low-pressure center of the hurricane lifts the water beneath it, creating a dome of water that the winds can then push onshore [6] . The inverse barometer, under ideal, theoretical circumstances, produces about a centimeter of sea level rise per one hPa decrease in atmospheric pressure [5] [7] [8] [9] . Since conditions are rarely ideal, deviations from these values may occur.
The local sea level anomaly, if significant, may lead to incorrect assessments of storm severity. One possible mechanism that can produce an anomaly is winds offshore in the North Atlantic that blow from the northeast. These winds can potentially create Ekman transport toward the east coast of the US, causing above average water levels [9] . This paper focuses on storm tides in the LCB produced by six tropical and five extratropical storms between 1998 and 2011 (Table 1) . Specifically, we assess spatial variability in storm tide relative to two local tidal datums: highest astronomical tide (HAT) and mean lower low water (MLLW).
II. DATA AND METHODS
Hourly water level data were retrieved from http://tidesandcurrents.noaa.gov. Eight tide gauges were selected for this study (Fig. 1 ). For the area of Gloucester Point/Yorktown, the Gloucester Point station data is used from 1996 to 2003 and the York River Coast Guard tide gauge is used from 2004 to 2011. This is because hurricane Isabel destroyed the Gloucester Point tide gauge in 2003. The York River Coast Guard tide station was built to replace the Gloucester Point station. Since the two stations are within two and a half miles of one another, we are using them interchangeably.
NOAA has several datums that the data can be relative to, falling under the category of either tidal datum or geodetic datum. In this study we use tidal datums, such as MLLW and HAT. MLLW is defined as the average of the lower low water height of each tidal day observed over the National Tidal Datum Epoch (NTDE). HAT is the elevation of the highest predicted astronomical tide expected to occur at a specific tide station over the NTDE. Reporting, and sometimes ranking, storm tides relative to MLLW is common. However, water level at a given height above MLLW at a large-range location may have relatively low impact compared to the same height above MLLW at a small-range location. Table 2 shows that ranking stations in terms of height above HAT provides a more consistent basis for representing and comparing storm tide levels. To find the number of hours above HAT for each storm, a time window was defined at each station. The date that the water levels first exceed HAT marks the beginning of the time window. The end date depends on several factors. In some instances, water levels fell below HAT within hours of the storm passing. In other cases, water levels remained high for several days after a storm. If the second scenario occurred, then weather conditions, such as wind speed and direction and precipitation were checked to ensure that another weather system hadn't moved into the area, keeping the water levels high. We imposed a rule that if water levels fell below HAT and remained there for at least two tidal cycles, then the effects of the storm had ended.
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The maximum water level relative to MLLW was determined for each storm at each station in the LCB. Then HAT was subtracted from the maximum water levels to determine the maximum height above HAT.
III. FINDINGS
A pattern exists that central bay stations spent more hours above HAT than south bay stations and Washington. On a cumulative basis over the 15-year period, water levels at Windmill Point and Lewisetta were higher than HAT significantly longer than the other stations in the study (Fig.  2) . In Fig. 3 , time series of annual values of hours above HAT maintain the same general relative ranking of stations throughout the period, but exhibit considerable interannual variability. This pattern of longer duration above HAT for the central bay stations applied as well for individual storms (Fig.  4) . Fig. 2 shows that Washington behaved similarly to the south bay stations, but had a slightly larger number of hours above HAT over the study period. Fig. 3 further describes Washington's deviation from the south bay stations for individual years between1996 and 2011.
Maximum height above MLLW for each storm at each station (Fig. 5) gives a trend of south bay stations having larger maximum heights than central bay stations. Washington is inconsistent between storms.
The maximum height above HAT for each storm at each station is shown in Fig. 6 . Similar to the results for maximum height above MLLW, central bay stations appear to have smaller maximum heights above HAT than south bay stations. However, the difference in height above HAT between the central bay and south bay stations is reduced. Washington does not display a clear pattern in maximum height above HAT. For some storms it behaves similar to south bay stations and for other storms it is not similar to other stations. 
A. Hours above HAT
Central bay stations spend more hours above HAT than south bay stations and Washington due, at least in part, to tidal range differences between these sites. The south bay stations and Washington have larger tidal ranges than the central bay stations; therefore, central bay stations may exceed HAT more often. Washington has one of the largest tidal ranges of all the stations in this study [10] ; however, it does not always follow the same pattern as other large-tidal range stations. For instance, as shown in Fig. 3 , near the beginning and end of the study period Washington spent more hours above HAT than the south bay stations whereas in general, from ~1999-2009, Washington fell within the limits of the other large tidal range stations.
Maximum heights above both MLLW and HAT appear to be smaller at the central bay stations than at the south bay stations. Washington does not follow this pattern. In fact, maximum heights for Washington may be higher than the central bay stations when relative to MLLW, but smaller than central bay stations when relative to HAT. This is evident during several storms. When comparing Washington to the central bay stations, it appears that a difference in tidal range explains part of this variation. However, when comparing the central bay stations and the south bay stations, we find that tidal range may play a lesser role and that characteristics of the storm itself may play a larger role.
The findings of this study suggest that spatial variability of storm tides does exist within the LCB. Central bay stations exceed HAT more frequently than south bay stations. Tidal range and individual storm conditions may play a role in spatial variability, but the mechanisms are not yet clear. More work is needed to quantify the contributions of spatial variability in hours above HAT within the LCB. Additionally, refining the time window for hours above HAT will be further explored by incorporating sea level anomalies prior to and during any storm.
An important finding of this study deals with the way storm tide data is viewed. We've found that reporting maximum water levels in terms of HAT rather than MLLW provides a more complete story of storm tides in the LCB. Since HAT is the highest astronomical tide expected to occur during the NTDE, exceeding HAT could increase the threat of flooding in certain communities. Future work on this topic will include determining characteristics of the tidal component of the storm tide, specifically the timing of the maximum water level in the tidal cycle (high tide, low tide, spring high, etc.). This research can have implications not only for community members, but also coastal managers and planners.
